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PREFACE

The data presenced'here are the result of a joint NASA/AFWAL-University
of Daytca Research Institute/Aerospace Corporation effort to investigate the
rain impact resistance of advanced thermal protection system (TPS) designs,

Chief contributors are:

NASA Ames Research Center

H. Goldstein
D. Leiser
?. Sawko

. University of Dayton Research Institute (UDRI)

C. J. Rurley

Thanks are also due to Timothy Courney, Uhivetsity of Dayton Research

: Institﬁte, for performing the tests in the AFWAL Materiails Laboratory Rain
Erosion Test Facility; to Noal Tracy, of the Universal Techannlogy Corp., for
NDT of test articles; and to John Zelgenhagen, University of Dayton Research
Institdte, for pre and post test photography of the test articles. Mention
must also be made of hélpful discussions and tile property‘data from Mr. Dave
quteliﬂr,‘Rockwe;l International, and tile property data from Mr. Ronald

- Banas, Lockheed Missiles and Spaca Co. Sound speed measurements on FRCI-20-12
and LI-900 tile samples were carried out by Mr. John R. Linn, of The Aerospace

Corporation, Materials Sciences Laboratory.
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I. TINTRODUCTION

Rain and ice impact démage has been a continuing concern in the develop-
ment of atmospheric entry vehicles. Materials that provide thermal protection
at hypersonic speedé are not neceésatily resistant to rain and ice impact at
supersonic and subsonic speeds. In addition, the relationship among material
prqperciés, environmental parameters, and flight performance has not been ade-
quately established. For future panned'gnd unmanned lifting entry vehicles,
the rain and ice erosion performance of candidate heat shlield materials must

be evaluated and the mechanism of the eroslon process studied. This program

‘addresses the issue of heat shield material performance and is thus intended

to contribute to the understanding of the basic physical processes involved.

The development of advanced, reusable military spaceflight systéms,

.advanced space transportation vehicles, and advanced hypersonic cruise

vehicles includes the consideration of three options for space vehicle con-
struction: (1) cold or warm structures wich operating temperatures of the
structural materials limited to léss tham 700°F by an external thermal protec-
tion system; (2) metallic hot structures, operating at structural temperatures
on the order of 2000°F with no external thermal protection system (TPS); and
(3) carbon-carbon hot aeroshell structures, operating at temperatures on the
order of 3500°F.

The current space shuttle system was designed for launch in fair weather
only. Initial flight experience has shown that rain and hail impact damage to
the orbiter external iraulacioﬁ heat shield on the launch pad and during ferry
flight are significant operational concerns for the reusable surface insula-
tion (RSI) system. An RSI that has greater rain resistance for use on the

current orbiters and future advanced space transportation systems will result

in much more durable and cost~effective vehicles. " Therefore, new‘rigid and

flexible ceramic heat shield materials being developed by NASA have improved

rain resigtance among their development goals.




Advanced military spaceflight and other hypersonic cruigse vehicle system

requirements include all-weather operation, pa:ticulatly with regard to

launch-on-demand, airborne loiter, -and 1and-on-demand. Accordingly, there 1s

a veed to evaluate the rain and hail impact erosion and characteristics of the

candidate surface materials to be employed in the various design optioms, SO

that realistic and valid specifications and limitations can be applied to each

concept. Of concern are advanced TPS materials,

ings, and advanced carbon~carboa materials.

hot structure surface coat-




IT. BACKGROUND

At present, there are few applicable rain/hail impact erosion data points
for the evaluation of the current space shuttle orbiter TPS or for the assess-
ment of advanced TPS in applications such as the Advanced Military Spaceflight
Concept (AM#C), Transatmospheric Vehicle (TAV), and advgnced space transporta=-
tion systems studies. The shuttle orbiﬁer'is placarded against launch or
ferry flight in rain. The current TPS is not designed to withstand hafl or to
survive particle impact kinetic energy leveISvgreater than 0.006 foot-pounds

normal to the surface.

Limited rain erosion data were obt:ainedl during the characterization of

silica and mullite tile candidate materials in the early 1970's. The experi-
ments were performed by means of the AFML-Bell Aerospace Company rotating arm
rain erosion tést apparatus, under the direction of the Air Force Material§
Laboratory and with the sponsorship of the NASA Manned Spacecraft Center (now
the Lyndon B. Johnson Space Center). All test materilals veré provided by
NASA, .and included the Lockheed LI-1500 silica fiber insulation material
coatd with a silicon carbide pigmented borosilicate glass (LMSC-0042) outer
mold line (CML) coating. The tile successfully sustained rain éouditions of
1/2-1ir. per hour for one hour at 350 mph at an angle of incidence of 10 deg; '
minor surface erosion occurred under the same rain conditions at an angle of
incidence of 20 deg for 5 min, and the tile was significantly eroded within
30 sec for a 40 deg angle of incidence, 1/4-in. per hour rain field at

250 mph. The threshold velocity for damage at low angles of incidence in a
1/4-in. per hour rain field was between 300 and 410 mph.

Additional insight into rair impact effects was obtained on HRSI—type
tiles with the LMSC-0059 borosillcate glass OML ceramic coating during the
Kennedy Space Center RSI Flight Environmental Test Program, conducted between
7 March 1975 and 9 Augﬁst 1976.2 The test panel was mounted on the lower

fx; fuselage of a twih—engine Beechcraft airpiane ("NASA Six") to expose the RSI
:fj to the weather and sand-salt atmosphere encountered at KSC. ,The-side wall and
. ‘ a portion of the OML coating were damaged on out-of=-specification (0.15-in., as
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opposed to the 0.015-in. specification value) forward facing steps presented
by the lead tiles in the arrays while on'a,flight through light-to-modarate
showers at an average air speed of 144 mph (125 knots) and a maximum speed of
184 mph (160 knots) during a 2.1 hour flight. Flight altitude was on the

order of 10 kfeet.

Experience with shuttle orbiter flights has demonstrated that even severe
hail impact damage can be sustained over certain portions of the vehicle TPS
where entry heating loads are nct high, e.g., fuselage sidewalls, without
significant overheating of the underlying substructure. Likewise, localized
but severe launch debhris impact damage to portions of the lower surface tiles
where heat loads are fairly high, such as on the nose laﬁding gear door and on
the body flap, and the complete loss of the outer mold line (dML) ceramic
coating plus a portion of underlying tile material of six high temperature
reasable surface insulation (HRSI) tiles along the right hand chine due to on-
orbit ice cracking, did not result in significant substructure overtempera-
tures during entry even though incipient failure of the RSI did occur.
dowever, where portions of the OMS pod forward sec;ioa TPS have been lost due
to pre-launch hail damage or during launch and ascent, entry heating resulted
in graphite~epoxy hoﬂeycomb sandwich panel substructure damage of varying
degrees of severity. In the most severe case, that due to launch debris
impact damage to the lefthand ﬁod during STS-9, it was found necessary to
replace a panel of the forward section substructure. Whefeas this OMS pod
damage has not resulted in shuttle orbiter safety of flight issues because of
the localized character of the damage and the absence of critical components
behind the damage site, entry heat loads in regibns of higher heating could
become a safaty-of-flight issue in the presence of such TPS damage and loss.
The complete loss of the OML coating from two or more adjacent lower surface
tiles in critical areas such as aft of the nose cap, at the wing tips and
outboard elevon, and on the body flap would be considered very serious, with
probable safety-of-flight implications for any entry trajectory. For military
operations, the need for TPS and possible substructire replacement would have
very undesirable, if not unacceptable, impact on tufnérgund time between

missions.
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Concern regarding ice impact on the TPS arose following the first of the

orbital flight test laanches because of the damage‘sustained from launch
debris impact, including ice from the cryogenic external tank (ET). Consider-
able progress has been made in eliminating debris sources, in large measure
becauge of a cbncerted effort by the debris damage team. This activity has

been paralleled by an on-going ice lmpact test program3

which is evaluating
the damage resistance of a broad range of TI'S materials. The preliminary
phase and Phases 1 through 3 of the program have been completed, providing
data on the relative performance of lower surface HRSI/LI-900, LI~-2200, rein-
forced carbon-caiuon (RCC), fibrous refractory composite insulation (FRCI),
and advanced flexible reusable surface insulation (AFRSI) materials, as well

as a class of "enhanced” coatings.

The program results demonstrated the importance of projectile breakup as
an energy dissipation mechanism, and, in particular, showed that steesl ball
drop test data -are not a valid basis for estimating ice impact response
(because of the lack of the projectile breakup mechanism). The ﬁgrd 1ce
projectiles used in the test program are considered a gobd simulation for the
hard ice found on some areas of the ET ogive; frozen clear water droplets
(1ce1ets) have also been observed on the ET ogive. However, acreage sheet ice
found on che’Ef qgivé tends to be "softer” ice which has better breakup

characteristics than the hard ice.

The Phase 2 test results indicate that the flexible blanket material
experiences gouging to about the sane extent as the LI—900‘ciie damage under
gimilar ice impact conditions. The extrapolation of this ice impact response
data to rain impact response prediction is uncertain for several reasons,
including. the question of how to ptoperly account ror the influence of prnjec-
tile (raindrop) breakup, as well as possible difference in angle of incidence

between the ET ice impact scenario and the laurzi-through-rain scenario.

Very recently, limited single drop and multiple-drép rain impact testing
of current TPS materials has been pérformed by investigaﬁors at Rockwell
International (RI). Of particular interest is the performance of‘the’HRSI
(LI~900), AFRSI, and LRSI materialé under conditions simulatiag a launch

13




through fog and drizzle. Additional testing was carried out during FY 34

under an internal R and D rrogram.

To initiate the development of a suitable data base summarizing the
expected performance of advanced TPS materials of interest to the AMSC and
future STS programs under rain impact conditions, incliding conditions
relating to ferry flight or loitering, an informal joiut test program with
AFWAL/UDRI, NASA Ames Research Center, and AFSTC/Aerospace is in progress.

The cooperative effort draws upon the extensive background, experience, and
experimental capabilities in the impact erosion technology area that have been
- developed within the Air Force Wright‘Aeronautical Laboratories by the
Materials Laboratory and UDRI Aerospace Vehicle Coatings Group (C. Hurley).
Advanced TPS materials that are being studied by NASA Ames (H; Goldstein)
provide the major portion of the rain erosion test matrix. Laboratory examin-
ation of the post-test condition of the teét articies will be performed
jointly by AFWAL/UDRI and The'Aétospace Corporation as part of the Laboratory

Operations MOIE program.

14
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III. APPROACH

’

The broad objectives of the test progrém are to establish rain impact
damage ﬁhreshold conditions for advanced TPS materials and to collect data for
future use in developing empirical and analytical damage prediction models.

An attempt will also be made to relate the rain impact damage to the expacted
reduction ih thermal protection provided by the damaged TPS to typical liftiné

entry vehicle substructures.

Two classes of TPS materiais were evaluated in Phase I of the program:
(1) flexible ceramic insulation blanket materials, and (2) rigid reusable
surface insulation (RSI) materials. The figid RSI materials were examined
both with and without the reaction cured glass (RCG) ceramic éoatings needed
to provide tre surface optical properties necessary for space vehicle orbital
and entry functions as well as to ﬁrovide moisture protection for the tile.
One set of samples included 2 developmental tile coating formed by chemical
vapor deposition of SiC in the tile Surface. The response of carbon-carbon
corposite material such as currently used for nose cap and wing leading edge
and proposed for aeroshell construction of future STS configurations will be
studied later in tﬁe test program. The performance of multi-wall metallic TPS
designs also is of interest and an effort will be made to Acquire and test

prototype test articles later in the program.

15
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IVv. TEST PROGRAM

A. FACILITIES

The rain erosion experimentatioﬁ is being carried out in the AFWAL Mach
1.2 Rain Erosion Test Facility (described in Ref. 4) using é calibrated l-in.
per hour simulated rainfall of 2.0 mm dia. (avg.) drops. During the Phase 1
tests, the 90 deg impact angle specimen—configuration 2 (Figure 1) was used,
with the standard titanium cover plate (Figure 2) having a 1.87 by 0.§ inch
exposure area, held in the standard stainless steel sample holder (Figure 3),
which 1is bolted to the test facility whirling arm. One test series was also
carried out using the 45 deg i-pact angle specimen geometry (configurationm 6),

shown in Figure 4.

B. TPS MATERIAL DESCRIPTION

The Phase 1 tast matrix 1né1uded two general classes of TPS: advanced
flexiblé.ceramic blanket insulation and rigid cevramic fiber insulation
materials. Other classes, such as carbon-carbon (RCC/ACC) and metalli; TPS
will be added as they become available.

1. Advanced Flexible Ceramic Blanket Insulation

The flexible blanket configuragion parameters afe:

ae Quter Mold Line‘(OML) fabric material, thickness,.and sizing
be Internal 1nsulation material, thickness and density »

Ce OML thread material, thickness, sizing, aﬁd stitching patterns

The bas.liine flexible blanket matefial is the AFRSI initfally used on the
OMS pods of shuttle orbiter CV-099 and on the upper surfaces of OV-103. The
" blanket typically ‘consists of the Tyﬁe 2, heavy, 0.027-in. Astroquartz 570
silica OML cloth layer stitched over a nominal 0.045-in. thick (Class 1)
- microquartz Q-felt internal insulation material with 0.020-in. dia. Teflon=-
sized silica thread. The blankets are waterproofed with Dow Corning Z 6070
Silane, the same waterproofing agent used in the rigid TPS on shuttle orbiter

vehicles.

17
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Fig. 1. 90° Impact Angle Specimen - Configuration 2
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Fig. 4. 45° Impact Angle Specimen - Configuration 6
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In Phase I of this progranm, only the OML cloth macefials were tested.
Because Size effects are critical in the berformance of flexible ceramic
insulation blankeés, sample holder size limitations make it doubtful that a
valid simulation of a complete blanket is possible and results could be
misleading. It was hoped that testing one element of the flexible ceramic
insulation blanket, such as tie OML cloth lsyer would permit the candidate
materials to be compared. A common backing material, the felt RSI (FRSI)
material, was used as the substrate material backing the candidate test cloth '

materials.

'The baseline AFRSI cloth material was heat cleaned and waterproofed and
wag tested as is (i.e., with no additional coating); with a Rockwell ceramic
coating identified as the C-9 coating; and with a NASA Ames RC ceramic coating
(ACC). The Rockwell C-9 coating 1s a high purity formulation of delonized
Ludox (MBO115-011) and ground silica (MBO115-036) applied after a primer or
pre-coat of deionized Ludox and isopropyl alcohol has beén used Eo deactivate
the waterproofing and provide a base coat for improved adhesion to the OML
cloth layer. .

The experimental OML cloth'fabfic materials to be studied were Nextel-312
(900 denier) fabric, manufactured from aluminoborosilicate fibers by 3M

‘Corporation, and Nicalom, manufactured by Nippon Carbon, a silicon carbide

fabric that recently became available., The Nextel-312 and Nicalon OML cloth
layers were heat cleaned and waterproofed. The flexible ceramic blanket

materials are described in.Table l.

2. Rigid Ceramic Fiber Insulation

The rigid ceramic fiber insulation méterial configuration parameters
are: (1) tile substrate materials and thickness, (2) OML ceramic coating
ﬁaterials and thickness, and (3) watetproofing (Déw Corning Z—607b Silane).
The baseline rigid ceramic fiber insulation material in this program is
FRCI-20~20, a second generation tile material that has shown considerable’
resistance to crack propagation. At the present time, FRCI-20-12 has been
flight qualified and is being used on shuttle orbiter vehicle-103. The FRCI
material is a composite of two ceramic fibers plus a small percentage of

silicon carbide, which is added as an opacifier and emittance agent to provide

r
[ ]




..

T T T N T T Y U N W L A T R S T S W TR T Y S T W o e g W W W ST SO S T L T T W Y T W s ey Y

Y4l

AN

Yt

2
.
ata

lower thermal conductivity and improved optical properties. In the FRCI
material designation, the first number i3 the percent of aluminoborosilicate

R T

fiber, and the remainder is the same silica fiber (microquartz) that is used
° in the fivst generation RSI. The second number is the tile density in pounds
- per cubic foot. For éomparison, current shuttle orbiter tile materials,

l . fabricated from the pure silica fiber (microquartz) only, were tested. The

'2 material designations are LI-900 (9 pounds per cubic foot density) and LI-2200
- (22 pounds per cubic‘fooc‘density).' The FRCI-20-20, FRCI-20-12, LI-2200, and

< LI-900 tile materials were exposed to rain impact with and without the base-
' - 1ine doped borosilicate reaction cured glass (RCG) OML ceramic coating. 1In

i addition, chemical vapor deposited (CVD) silicon carbide (SiC) coatiﬁgs of

? . 2.5 weight percent and 5.0 weicht percent were applied to LI-2200, FRCI-40-20,
E§ FRCI-60-20, and alumina-enhanced thermal barrier (AETB) material, AETB-40-20,
! test samples. AETB material fs an experimental advanced rigid tile material

being developed by NASA Ames Research Center. With two exceptions, all test

samples were waterproofed followlng current fabrication procedures.

KRRy

' Table 1. Advanced Flexible Ceramic Blanket

E TPS Materials Description

- '

- ' OML Cloth OML Cloth Coating

! Source’ Material Thickness, mil Material

.\. ‘ } . '

3 . ‘ : :

N Rockwell Type 2, heavy 27 None

a Production Line Astroquartz 570 RCC

z : ACC

i Type 1, light 10 None

Astroquartz 593 RCC

= ' . ‘ ACC -

3M/Ames Nextei~-312, heavy ' ‘  None
Research Material (900 denier) ‘ : ACC

Dow Corning/Ames Nicalin SiC None

Research Material : ACC

RCC - Rockwell Ceramic Coating (C-9) High Purity ludox and silica.
ACC - Ames Research Center Ceramic Coating. '
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One standard thickness (0.015 in.) was used on all RCG'coéted test
samples with the'excepcion of the FRCI~20-12 material, which also included
samples with twice the standard RCG coating thickness. Sets of test articles

with a minimum of six test samples are designated "nominal” sets. 1In addi-

tion, four of the more readily avaiiable tile material configurations were

used in preliminary scoping test runs to calibrate the test rain field and'
establish che order Af magnitu&e of the velocities just’producing damage in
the four different tile substrate materials. These sets contained more than
the minimum number of six samples, and are designated as "calibration™ sets.

The rigid tile materials are described in Table 2.

C. PHASE I TEST MATRIX

'

The p:ioritizéd test matrix for tne Phase I experiments {s given in
Table 3. The first priority for the rigid tile materials was the baseline
FRCI-ZOfZO, which was expected to show the best performancé, based upon
current knowledge of materials behavior. 1If this wmaterial did not surviva at
the lowest calibrated test speed of the facility, there was no point in
testing the other coated rigid tile materials listed in the first group,
because they were belieyed to be weaker than the baseline materfal. The four
cloth materials and the unwaterproofed water-filled FRCI-20-20 samples
followed as shown. Testing of the uncoated rigid tile samples depended upon
the performance of the coated materials. The lowest speed of interest in
seeking the damage threshold level for any materiallhas been selacted to be
100 mph, although a higher lower limit (e.g., 120 or 130 mph) would have been
acceptable. The rationale for the initial test speed selection is given in

the following paragraphs.

1. . Advanced Flexible Ceramic Blanket Insulation

Neither empirical extrapolation of existing data nor analytical modelling
approaches were available for predicting the damage threshold levels for these
materials. Ac¢ord1ng1y, estimates of the likely damage threshold velocities

for the advanced flexible ceramic blanket insulation materials had large

uncertainties because of the lack of knowledge or data on rain impact effects

on such materials. The results of Phase 2 of the Ice Impact Testing Program




T e Tmw

20 e TPt 00 ot it e yhpi, Pavi

"y

e

L o 4

R et R Ml gl st

o e A me Aen Mda A3 gon RUm arg - utan -0 Vm

wrTTRTRY

e

e s davlle’ ghue fe®

Pl

coul ‘wmeagaaury &g Sopgr o) pegjddy

.c_-_n_h.r...- LIRS N R
parisadap sodea (rojmagy - 8 (AD

SAPVEPPIT SPIIOYEAIa] BRI YIS Yi|m
BRELH Qo) psosm) paand sog jaragegny

LEITE B LURINT TS FY

jewyunoN

(RO
(R
- frUpmoN

{veujuoN

{ L juoN

U ey

. Y RTINTTE FALSY
(S5)EMANA (ruuoN
RAN'M (vUjBoN

[GOTLTY)
jreuguo,
tiujwon
noplvaqe)

S11tan enoto
¢

TR TINT

LR L I

He o

PALVCTRCIT I
RTINS

T Mmooy

1w o)

Hiw i

(R L]
(RN}
11w 4

13741 vLzotu

ME GAD

D18 GAD
HAL

S UAD
D8 AAD
14 31.)

At

Het}
AL
BAL

07~y -A14Y

N7-09- 1084
QL -0Y=- 1004
07 ~09- IDHA

U=y - 1DNA
OF ~0 - 10N d
OOy 14
OZ-0%-1.4

0707 - 1004
OZ-02- 104

1-07-104
CI=0-10%4
-0 =10%4
C1-0Z-100d

RPN

Yaarasay Somy

KON IR ¢ povngry

g

10 id OSKI

dapmaod 8 27 [N A L] 1 318 UAD QuzT-11
suid sa0q)y @3v0 )| IRCIOG ovjwn|e trujuoN X W07 218 QAD 0ZZ-1°1
pur saaypg ziavnhoadge eayys-ydpy e juey 11w o %] 0Oz~ 11
Ju adpsoducs paz)prifgy  wa)Ia8-108d L RLELFRL A 11® o Ha aoze-1t
. woptaqy ey - - Oe7-11 -
waagyy zyavnboidgm -
BRI pys-uiliy pazip1Riy  teajaas—g fruymoy LIRS BA% 0061
[rujmoN 1w (g H42 0one-1°t
K31 I weaa) A1 sud) mor] PIREY uoyIviyyje) . 1w 6] Bal ) 06—
DA ]
- -:-c ,-..-.--——ﬂc - —— c-@l—._ A-—-—-av-—-—vhk DSKH'E

(QOL 2P4mnu (P10)) SALY)IIe IRP) NIK b LY ELEIT RETTRR IR ER 1Y ILAPEDILY] Sdanog

UUHT MI0W KUTEINOD JaE U0 IvIY) e Auyavey Aoy vo) @yuaIngng
3126 jrujmon dad K0jo) Ak INDY X8 211l CIRRY
uojjeinsu] 13q}4 djwead) Py 21qey,

B .ws
-.!o\.w ton

B

W(a
&,
x.

vy
ol




(& woparaniyguos) asueppoing o ajRue Rap-gy e una aq 0
RO 003 B OZ-07-1D04 J0 paads jwajasns
sRo| 0T R) OUZE-1T1 JO powds jeajasne 31 D 'q) anujuedw)q -

CNNANNL P PR Rey g o pue PIS X7 RPY Q) Cpasiaaaa Ljpenya

(M Ol -) Ao oey 8) 0Z-07-1004 10 paade jeajaans 3y D> ‘q ‘e anujIneonyg —

L30apadxa waym

3z pue aj

sajdeey - 9.
31 I AMPIUOIRIG - P
hi

nagnatigsyy Rujivey - q
[

pargnodon Jofua o sags - Py gy -
(13 1) suanyopyg preg

{(pav

[UTRUTIRETU VTS T |

by Gy

EEE A
pe oo sdaapeauy - gy

k%) Hpavos sl peans wspjavay - 0N

Buparog aersas somy - )y
PFugvor agees
Sramaey e pajuoadiajen poe g

tiemany - g

[AANDON I¢ PaocadIdIEA PUE ponvaga 1| - ¥M
JGATA JO Ly pornnadan Ay - Ha

poyooadiaiey - oM

BAyyg

saajaIne apdarn [ iun pande aonpay o9 ({3119 N:\a- [ 371041} L] 07~ -A LAY of

saayaIns apdwen 1yaen poade aonpay 1) 08t 13191 RLLOCO LU n 07-09- 174 "

s qi, ,~_|..~|_v=... praves o pasds JTJAJAINR YA JarIg " sIUMIWO) PG s ¥ 9N " 2102194 %

- ’ wantains ajdeen 1) paads asnpay 4] ost. Z13/q1 esviro Aays " 07- 09~ 1M “
¥ wasyainn ardwen [1aun paade adupay o - omt (25°2) Lt T " 07-08- 1nd o

- saajaznk ajdera J1un pande aoupay w9 08E - agon n - 02 09— 144 !

" ) (v1) O7Z-1't Pa1ved jo prade [FAJAINR 1)A JIR3g o9 samnoD 0y ,N-:.: y"wzo o AADq g ,: T 17 q9

- (V1) GUZZ-11 PaInod go pamis [RAJAINS YITA JaPIS (1, VJNIWWO]) IIG [§ {5 3] m_...;u_m " GUEZ~1'1 vy

{"t1) vozz-11 pmvod o ﬂﬂg- TEAJAINR YLiA J2¥IY o, AT DG . m—— oY n e -1t o

-9 (1) OZ-02-10M4 P2Iv0d go paade |EA)AlInE 31N JIeI§ w KJudwm > 3G - auoN nan (A IYAE B E] v,

;8 (1) UZ-0Z-1M4 Pa1ved Jo pands (EAjAINS YI)A Taedg (1] sJuaemn) aag —-—- wnoN n [T * 42 HIE] .

- maAjaang apdwes [)iun paade adupoy i3] oK . — 209V Y Y OH i Y0P ISHAY uejragy [N afh.u

kanjaIne ajdees |jiun paads aonpay (4 - e - uoN LR ] YIL) INHAY Vo L]

- ranjaIng ajdevs [1aun pasde adnpag o9 ont - Q0¥ vy o WIVED AAeME - JRNRAY 1IN vt

, KdAjAINE ajdees (jIun padds adnpay oe (L1 - suop va % 3 [RIO R BRCUE TNTS FUAN BRLE ) i

4 (§ vepIranfyjund) aduapgouy Jo ajRue_Mapy (1, ] .- -— auoN WY OH AUV ISHAY o] oseg "z

;Y sanjasne ajders (jlun pands anpay o St --- 20V "Wy oM IOLD ISNAV Augjaneg, L4

' 8 maajains aydess 1jaun paads adnpay o o ’ — 298 Wy om IO ISHAV Pup|onvg, v

..m HRAJAINN ﬂ_ﬂlﬂl 11un -w”al 3dnpay o9 ot . —-— JUON mMyYm YIOED ISHAY A loseq rd

: (s uepavanRyjuea) acuspioul jo sifur Bep-gy o - 18 o " SOT-07-104 "

. -“ 02-07-19%4 )0 pasde jeajasne ‘..u_- e3S N ¢t ] sJuswen) a3y 18 fal ] a4n R-07-1%A (M}

5 N v~_|e~.._ush 30 paads [®A)AINR YIIA VIEIS n9 [FUE L 3 3 18 ma n 06 -1'¢ ot

JUNTZ-111 Jo poads rajaIne 1A Jarag (1] sjuwm0]) 9IG qls a20% n Z1-02-1D%4 4t

wOI-UT-1008 Jo paads [sajaIne yIja Jaeig o9 LEUE LA LY a8 a0n L] 002T-3't L]

~ E ‘ sanjarnn ajdews J)Iun paade  _adnpay 09 . Ot 18 tON A o O7-12-1D%4 [}
1 # JUIBNO]) caan N poady LLEERITTTR Buyieo) woy ) puo) NITFERL. Y Artrogy3g

i - GujIeang  INAL (€FIN] fuyreo) : - N

.
¢ o
r
o
% .
]
.-
: 1
,l
X
-
¢ o L% Anin Ve e T T 2 o N
on PCAR AR ~
nﬂ; ? u-n.n-c.-. Ty
. I .

ML R

3 ,w.\.... PRI

AP

(®28jang 03 TewiION 8douapydul jo 978uy) XJiaIEN I83] ] 98BYq °*¢ 9iqel

NA LA A

QALE -
LY




(Ref. 3) indicated that the AFRSI blanket material damage was similar to that
for the LI-900 tiles tested during Phase 1. Since all materials tested were
significantly damaged urder the prescribed test conditiuns, damage threshold

levels were not available.

Recent RI results indicate that AFRSI pgrformance was superior to that of
LRSI, which uses the LI-900 tile material with a 10 mil white 0036 ceramic OML
coating, when exposed to drizzle~type conditions (average drop .size 0.7 mm
dia.). No data were available for the Nextel~312 or Nicalon SiC cloth
materials. On the basis of available data, an initial test speed of 300 mph

was selected.

2. Rigid Ceramic Fiber Insulation

' The data from PRI provided some insight into the probable damage mechanism
and a basis for extrapolation to the normal incidence, 2.0 mm dia. drop size
case o§ interest here. Local flexural failure of the RCG OML ceramic coating
in the vicinity of a water drop imbact at a speed of 207 mph appeared to be a
reasonable expactation for the coated FRCI-20~20 material. This speed is
somewhat higher than the zeroth ofder e.x'.'rapolation to 120 mph which can be
made from the 1972 data (Ref. 1) mentioned in Section 1I, where a less dense
(LI-1500, 15 pounds per cubic foot density) tile material with a cyﬁe-OOAZ
borosilicate glass coating of unreported thickness was used. The 120 mph is
the velocity component normal to the suffaée‘from the 20 deg angle of
incidence, l-=in. per hour rainfall data in Ref. 1, where only slight erosion
of the coated LI-1500 test article was found. The actual damage threshold
veiocity for normal impact was expected to be somewhat less than 120 mph, n
the basis of observations given in the literature (see Ref. 5 for an extensive
‘1ist of references). For example, less,démage ocqurreﬂ in infrared
transmitting materials under shallower angles of impact than in the normal
impact case with the same normal component of velocity.6 Likewise, the KSC
flight through light-to-moderate rain resulted in substantial side wall damége
with an average flight speed of 144 mph (125 knots) and a maximum speed of 184
mph (160 knots), f.e., on the same order as indicated by the Ref. 1 data.




The higher density, stronger FRCI-20-20 was expected tc have a higher

damage threshold level. Exper;ence at UDRI obtained over a number of years

with the rain erosion test apparatus indicates that the flight test situation
in which the forward facing step was present at the damage site resulted in a
more severe condition than would be produced under the 90 deg normal impact
test configuration; this suggests a higher damage threshold here. This is
becausa of trapping or channelling of water and energy inco a "corner”, with

'no other place to go, in the KSC flight situation,

.Raindrop deformation and travel after impact‘transfets three or four
times as much energy as is imparted on in{tial impact. The variation of
damage with angle of incidence is therefore more complicated than a simple
dependonce on the normal component of the drop velocity. The empirical
extrapolation of experimental data as well as the intetpretation of the flight

test data must be understood to contain some level of risk.

D. TEST PHILOSOPHY

A number of.perfofmance characteristics must be established to determine
the relative ranking of candidate advanced TPS materials under rain impact
conditions. These characteristics include single mission failure levels,
single mission replacement levels, and reduction in mission lifetipe. Single
mission failure levels are those conditions of velocity and rain rate tor
which TPS rain impact &amage results in significant or catastrophic vehicle
substructure damage cauéed by entry heating effects. Single mission replace-
ment levels are those conditions under which TPS rain impact  damage duringb
launch will require TPS replacement before ;he next flight. This performance
characteristic could be critical to mission control decisions regarding launch
under adverse weather conditions and could define the space system launch-oh—
demand capability. Reduced TPS mission lifetime caused by rain impact during
launch also affacts overall‘launch—on—demand,_airborne loiter, and land-on-

demand capability.

While determination of the single mission failure and replacement levels
appears to bpe reasonably straightforward, reduction in TPS mission lifetine

may be more difficult to interpret, because the effects‘of’entry heat cycling




and rewaterproofing operations between flights, in some cases, may result in

synergistic effects on rain impact response and damage accumulation.

It is beyond the scope of this preliminary profram to address all these
performance issues for the selected ﬁest materials. The test philosophy
adopted here is to develop as muéh data as possible regarding damage
mechanisms, levels of performance, and material résponse‘to support further

analytical and ‘experimental studies of TPS resistance to rain impact.

The 90 deg impact angle specimen, configuration 2 (see Figure 1), of the
AFWAL Mach 1.2 Rain Erosion Test Facility was selected for Phase I testing,
for several reasons. The configuration 2 test sample holder permits specimens
with thicknesses close to those of operational interest, and the impacﬁ angle
is relativel} closelco conditions which could be encountered on the shuttle
orbiter vehicle OMS pods, which probably experience the most severe rain
environment, - It is also reasonable to assume, on the basis of AFWAL/UDRI
experience, that the data can be extrapdlated to lower angle of incidence
cases witnout disturbing the relative ranking of the various candidate

materials.

The damage thteshold level for a given test material is defined as the
lowest speed for which damage to the exposed test articie is observed with the
unaided eye. Thus, damage characterization places emphasis on the iategrity
and damage mechanisms experienced by the OML layer; the condition of the ,
ceramic coating on the rigid ceramic fiber insulation TPS and of the OML cloth
layer on the advanced flexible ceramic blanket insulation TPS is considered to

be of primary importance in post-impact TPS performance.




V. PHASE 1 TEST RESULTS

A,  SUMMARY

The Phase 1 testing was successful in bracketing damage threshold
levels for three of the kCG-coated test materials (LI-2200, FRCI-20-20, and
FRCI-20-12 having twice the standgrd 1S mil coating thickness). The damage
threshold level was less than 150 mph for LI-900 and FRCI-20-12 with standard
coa:ing':hickness and the bare tile materials (LI-2200, LI-900, FRCI-20-12,
FRCI-20-20, and FRCI-40--20). The CVD SiC-coated test articles (LI-2200,
FRCI-40-20, FRCI-60-20, and AETB~-40-20) failed at or below 150 mph under
30 sec. exposure durations. Difficulties with the ;esting technique p;eclgded
valid test data on the flexible cloth layers, because of complications arising
from cloth layer mounting comstraints and zoupling between sample distortion
and centrifugal force lcads cn the test sampies. Alternatives to the present
approach are needed to provide valid test data on the flexible blgnke: class

of materials.

B. RIGID TPS TEST RESULTS

Table 4 1s a summary of the normal impact test results for the rigid tile
class of mcterials. The procedure followed during the test runs was to moni-
tor the visual condition of the test articles using a closed circuit TV system
employing siroboscopic stop motion techniques. The test samples were first
brought up to the desired Qpeed on the whirling arm and then the rainfield was
turned on, starting the rainfield timing clock. For the bulk of the tests,
the test duration was 30 sec. The test run was considered complete when ithe
rainfield was shut off. The time of occurrence of surface damage (made
* evident by the sudden appearance of a white spot on the black tile coating, or
a perceptible blemish an the white surface of uncoated tile samples) was noted
to the nearest 0.05 minutes (3 sec) on the rainfield timing clock. The:
surface daﬁage time reported is believed to be accurate to # | sec, based on
past experience with the apparatus. Exceptions to the 30 sec runs were made
when extensive damage occurred early in the run, in which event the run was

terminated, or when no surface damage was apparent, and a 60 sec run was made.

31
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A test series with the samples oriented at 45 deg to the rain impact direction
(Configuration 6, Figure 4) was also run using the RCG-coated FRCI-20-20
material. Results up to 250 mph for 60 sec time exposure indicate no damage.
Because of a limitation on the available number of test samples, an undersized
sample was also run at 300 mph. The sample was dauwaged, but since the damage
was initiated at the lower tapered edge of éhe sample, which was especially
exposed because of the small sample size, this result is highly suspect.

Pre~ and post-exposure documentation of the surface condition, depth of
penetration, and damage definition of all of the test arﬁicles was carried out
under the supervision of Charles J. Kurley, University of Dayton Research
Institute Aerospace Vehicle Coatings Group, and the negatives are on file with
APWAL/MLS. All of the test damage figures shown here are from that series of
photographs.

1. RCG~Coated TPS

'On the basis of the Ce§: results cited in Table 4, the damage threshold
levels for the RCG-coated rigid tile materials have been evaluated and are
summarized in Table 5. A 30-sec exposure duration in a l-in. per hour rain-
field is consistent with typlcal shuttle launch conditions if the launch were
to occur through moderate rain. As was expected, the FRCI-20-20 with standard
thickness RCG coating performed the best, surviving at 200 mph fof 30 sec
exposure with only the onset of subsurface fractuteé evident after the test
(Pigure 5). At 300 mph, the RCG coating was partially removed within 3 sec of
exposure (F¥Figure 6). '

The onset of damage to the LI-2200 samples with the standard RCG coating
thickness occurred around 150 mbh after exposure for 60 sec, with appearance
. of an isolated star-shaped crack in one of the two exposed samples (Figure 7).
At 200 mph, the RCG coating was penetrated and removed within a 12 to 18 sec
exposure (Figure 8).

Damage to the FRCI-20-12 samples with standard RCG coating thickness was
tnitiated within 21 sec at 150 mph, in the form of the removal of a small
portion of the RCG coating (Figure 9) cn one sample, and extensive subsurface

microfracturing was noted on both samples after the run. The onset of damage
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Table 5. Damage Threshold Levels (1 in./hr rainfield,
2.0 o raindrop, normal impact)

Damage Threshold

. ) Speed
Priority . Material mph/duration,sec
RCG~Coared and Waterproofed
1 FRCI-20-20 < 200/30
la LI-2200 _ , 150/ 60+
8 FRCI~-20-12 . < 150/21
1b FRCI-20-12, 2x std. coating ' 200/ 60+
le LI-900 ‘ < 150/18
RCG-Coated, Unwaterﬁroofed and
Filled With Water

1d FRCI-20-20 ' . 200/30

Bare and Waterproofed
5a ~ FRCI-20-20 < 150/6
6 LI-2200 . € 150/3
7 FRCI-40-20 < 150/9

Bare, Underwaterproofed and Filled

with Water

S5a ' FRCI-20-20 - < 150/6

$§iC (CVD)-Coated and Waterproofed
6b LI-2200, 0.0234 1b/fr? coating < 150/3
7a FRCI-40-20, 2.5% coacingz < 200/18
7b FRCI-40-20, 0.0456 1b/ft coating 150/30
9 ' FRCI-60-20, 0.0738 1b/f52 coating 150/ 30
10 AETB-40~20, 0.049 1b/ft® coating < 150/18
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Fig. 5. Pre- and post exposure, FRCI-20-20 with standard
RCG ceramic coating, showing subsurface fractures
after 30 sec exposure at 200 mph
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14941 100 mph

T Pigo6'

Pre—~ and post exposure, FRCI-20-20 with standard
,RCGrcefamic coating, showing damage after 3 sec
exposure at 300 mph
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Fig. 7.

Pre- and post exposure; LI-2200 with standard
RCG ceramic coating, showing star-shaped crack
after 60 sec exposure at 150 mph
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200 mph

Fig. 8. Pre- and post‘exposure, L1-2200 with standard
"RCG ceraalc coating, showing damsge after
30 sec exposure at 200 mph .
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Pig. 9.

Pre- and post exposure, FRCI-20-12 with standard
RCG ceramic coating, showing surface cracks and’

loss of coating segment after 24 sec exposure
at 150 mph '
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for a 30 sec duration would be expected at slightly below 150 mph. On the
other hand, the FPRCI-20-12 samples with twice the standard RCG coating thick-
ness performed as well or slightly better than the FRCI-20-20 with standard
éoating thickness. At 200 mph, isolated fractures were found after 60 sec
exposure time or longer in the case of FRCI-20-12 (Figure 10), whereas damage
occurred within 30 sec in the case of the FRCI-20-20 with standard coating

thickness.

For the LI-900 samples with the standard RCG coating thickness, portions
of the coating were removed within 18 sec of exposure at 150 mph '(Figure 11).
At 200 wph, the coating was penetrated within 6 sec and the LI-900 tile sub-
scrate was eroded couplé:ely awvay at the inboard end of the samples. The
damage threshold level for the LI-900 sample is estimated to be around 100 mph

or less for a 30 sec exposure,

- To investigate the possibility of anomalous results due to the takeup of
vater in the tile during the rain exposure run, one series of test samples
(FRCI-ZO—ZO‘vith standard RCG coating thickness) was left unwaterproofed and
each sample was filled by warter iomersion just prior to the test runs. Within
the overall range of test result vafiatioﬁa, there was no discernible differ-
ence in performance between the vaterproofed and the “unwaterproofed and

filled with water” test articles.

2. Uncoated Rigid Tile

All of the uncoaéed tile test lrticlea.uere damaged by surface pitting
and cratering at 150 mph test speeds. In the case of the bare waterproofed
FRC1-20~20, the onset of surface pittirg occurred 6 sec into the test run
(Figure 12). Pitting was noted at around 9 sec into the 150 mph run of the
bare, unwaterproofed and filled with water FRCI-20-20 samples. However, the
accuracy within which these times can be determined is such that sample
perfornﬁnce must be considered comparable between these two typrs of samples
for this materisl. The bare, waterproofed LI-2200 material was ptfted within
3 sec of exposure at 150 mph and the extent of the pitting aﬁpeafcd somewhat
greater thon that for the FRCI-20-20, which was exposed slightly longer (6 to
12 sec versus 3 sec). Surface pitting of the bare, waterproofed FRCI-40-20
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' Fig. 10. Pre- and post exposure, FRCI-20~12 with twice standard

thickness RCG ceramic coating, showing one subsurface
fracture after 60 sec exposure at 200 mph
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Fig. 11. Pre- and post exposure, LI-900 with standard RCG
ceramic coating, showing ceramic coating loss
and tile erosion after 18 sec exposure at 150 mph .
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" pitting. Localized penetration and erosfon of the LI-2200 tile with

~coatings experience the onset of pitting within 30 sec at 150 mph, but varia-

test articles started at approximately the same time as noted for the
FRCI-20-20 (i.e., approximately 9 sec into the run) at 150 mph, with the
extent of the pitting also being comparable. '

Thus, the damage threshold for all of the bare rigid tile materials
tested is below 150 mph and could be considerably below that for a 30 sec

exposure, As a means of evaluating the relative performance of the three .
uncoated materials tested (FRCI-20-20, LI-2200, and FRCI-40-20), the extent of

the surface erosions produced by a 30 sec exposure at 200 mph was cdmpared;

Visual inspection of the test samples indicated that the depth of erosion of

the LI-2200 samples is perceptibly deeper than that for the FRCI-20-20 and
FRCI-40-20 samples. On a qualitative basis, it 1s difficult to establish a
significant difference between the FRCI-20-20 and the FRCI-40-20.

It is concluded that the rain erosion resistance of the FRCI-20-20 and
FRCI-40-20 class materials is generally superior to that of the LI-2200
material. However, the damage threshold levels for the three materials are

less than 150 mph, possibly by a considerable margin for a 30 sec exposure.

3. Sic (CVD)-Coated TPS

A relative comparison of the SiC-coated test articles is more difficult
than for the RCG coated test series because of the differences in coating
thickness as well as changes in substrate tile material. Thus, the
.0456 1b/£t2 SIC coating on PRCI-40-20 (Figure 13) and the .1738 1b/ft2 sic
coating in FRCI-60~20 appear to have a damage threshold level of arouad
150 mph for 30 sec exposure, although both experienced onset of surface

.0234 1b/fe? 51c coating occurred within 6 sec at 150 mph (Figure 14) and
limited coating penetration occurred witnin 24 sec at 150 mph in the case of
the AETB-40-20 with a 0.049 1b/ft2 sic coating.

It is very difficult to compate the different SiC-coated materials .

tecause of the mismatches in coating thickness and/or exposure conditions

among the various test articles. It would appear that even fairly thick - O

tions with coating thickness cannot be ascertained from the avallable data.
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14928 150 mph

Pre~ and post exposure, FRCI-40-20 with 0.046 1b/€:2
SiC (CVD) coating, showing cratering after 30 sec
expcsure at 150 mph




14916 150 mph

Pig. 14. Pre- and post exposure, Li-2200 with 0.023 1b/ft2 sicC
(CVD) coating, showing cratering and tile erosion
after 6 sec exposure at 150 mph '
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4. Material Response

The damage observed in the thin RCG-coated tile materials differs from
that seen in the uncoated and the SiC-coated configurations. Failure first
occurs in the RCG ceramic coatir; in the form of subsurface microfractures at
the interface between the coating and the porous tile substrate (Pigure 15).
In contrast, the SiC-coated materials and the bulk, uncoated tile materials
fail by pitting and cratering of the surface layer. In all cases, erosion of
the underlying porous tile material proceeds fairly raﬁidly after the surface
coating or layer has been penetrated. .

Damage yprogréession 1& the RCG coating 13 characterized by propagation of
‘the subsurface microfractures from the interface with the porous tile sub-
strate to the surface, followed by the formatisn of star-shaped surface cracks
and then the appearance of circumferential cracks arourd the star-shaped

~radial cracks. Coating segments are lost after the appearance ofvthe radial

and circumferential cracks. The various steps in this sequence can Ee seen in

Pigure 6, which shows an FRCI-20-20 sample after 3 sec exposure at 300 mph.
Very similar results and observations have been noted by investigators at
Rockwell International and by Varner (Ref. 7), who used metallic impactors to

study tile damage.

The onset of damage to the CVD SiC coatings is characterized by the local
fracturing of small chunks of SiC-impregnated surface materials over a swmall,
roughly circular area apparently within a drop impact zone; which are ini-
tially driven into underlying voids. The fractured chunks remain within the
underlying crater at most of the damage sites in the FRCI-40-20 and FRCi-60-20
gamples exposed at the lowest test speed (150 mph for 3C sec; see Figure 13).
The damage craters have sharp edges, suggesting a shear failure, in contrast
to the classical lipped crater typically formed when metals are impacted.
Sharp edged craters are also formed in the bare tile sample surfaces. The
similar crater formation seen in the uncoated and CVD coaéed samples 1is not
unexpected, since the CVD process represents an impregnation to some depth of
the porous tile surface rather than the building up of a ceramic layer on the

tile surface such as in the RCG ceramic coating case. When seen under mag-
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Fig. 15. Pre- and post exposure, LI-2200 with 0.023 1b/ftZ sicC
(CVD) coating, shuwing coating loss and tile erosion
- after 30 sec at 200 mph
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nification, the FRCI-&O-ZO,SIC coated sample surfaces have a straw-like
appearance because the Nextel and Silica filaments making up the basic tile
can still be seen even though impregnated with the SiC. '

At higher speeds and/or longer exposure, the fr#ctuted SiC-impregnated
surface cnunks are ejected from the subsurface craters and underlying tile
material is eroded to greater depths. There is no obvious indication that
damage from one site 1is propagated to adjacent sites except where drop impact
. areas overlap, in contrast to the RCG ceramic response. Thﬁs, damage progres-
sion in the uncoated and SiC-coated test articles mainly involves enlargement
and deepening of surface crateus onlyl(compare Figures 14 and 15). One of the
reasons for using CeD S$1C coating was to strengthen the surface of the porous
tile material, in additiocn to providing desired optical surface properties.
The performance‘of the SiC-coatad FRCI-40-20 suggests an improvement ov~’ “he
bare tile in rain impact resistance, and might warrant further expleoratic-.
However, there was virtually no difference in pérformance between the uncoated
and SiC-coated LI-2200 test articles.

C. DISCUSSION

The experimentsl evidence for the RCG coated tile samples indicates that
failure is caused by flexure of the glass coating. At the loﬁesc‘damage-
inducing rain impact speeds, fractures visible through the glass coating are

‘initially formed at the ceramic coating/porous tile interface. This has'
occurred in test articles exposed during the presené test series in the AFWAL
Mach 1.2 Rain Erosion Facility, and in samples exposed to the AFWAL/Bell Mach
3 Rain Facility, where larger (3 x 3 in.) test articles are used, during
experiments carried out by Rockwell International experimenters on many of the
~ same TPS candidate materials. At higher impact speeds or longer exposure
durations, these subsurface microfractures propagate to the surface, even-
tually forming a radial (star) and circumferential crack system, followed by
the removal of portions of the tile coating, thus exposing the underlying tile

material to further erosion damage.

A NASA-sponsored study of the damage resistance of TPS tiles under single

projectile impact, using an aluminum impactor and steel ball bearings (Ref. 7),
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has produced similar results. Two types of damage were noted: (1) bending
failure identical to that described above for the RCG ceramic coating, and
(2) a Hertzian cone type impact failure (not obvious in the RCG ceramic
coating failures of the Phase I tests).

A teview of the literature indicates that most analyses of ligquid drbp
impact of brittle (cevamic) materials (e.g., Ref. 8) consider the case of
thick bulk materials, gererally uodeléd as occupying a half-space. The
uacctial'dauage threshold is assumed to be reached when preexisting surface
aicrocracks are enlarged and extended by a tensile surface wave (the Raleigh
wave) propagating out from the point of impnct; A characteristic circumferen-
tial ecrack pattern is thus formed around the impact region, as has been shown
experimentally (see Figure 11, Ref. 9, for example). Some of the damage
produced in the RCG ceramic céating by ball bearing éxperiments discussed in
Ref. 7 (referred to as the impact failure case) seems similar to the circum-

ferential or ring cracking modes shown in Ref. 9.

" These considerations indicate that thefe may be at least two damage modes
involved in producicg failure of the rigid TPS under rain impact conditions:
(1) bending of the ceramic coating resulting in tensile failure at the inter-
face with the porous tile substrate, and (2) cra:eriﬁg of the surface because
of shallow tensile surface waves interacting with preexisting surface micro-
cracks. In the case of the very thin ceramic RCG coating presently used on
the TPS, the flexural failure i{s apparently reached at lower raindrop impact
speeds than are needgd to cause the surface cratering type damage in the _
coating. However, if the thickness of the ceramic coating is increased, the
increased flexural stiffness of the coating could result in a shift of the
failure sites to the surface by the shallow tensile surface wave {nteraction

‘with exigting surface microcracks.

Aftét'the lnic;al subsurface fractures {ian tﬁe ceramic coating have
propagated to the surface, some of the bulk ﬁaterial cratering mechanisms,
particularly hydraulic pénéciation into the fracture network and jetting 6f
water drop outflow against elevated crack edges in irregular cfater contours,

could also come into play. That 1is, once the coating damage threshold has.
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" been exceeded, fracture propagation mechanisms common to both thin Qnd thick
" (bulk) ceramic layers can be expected.

The pitting or crater-type failure of the bare and CVD SiC-coated test
specimens may be related to the "impact failure” damage mode characterized in
Ref. 7, although the SiC surface fragments or chunks remaining in the impact
craters are generally not circular but irregular in shape. Differences in
projectile Srenkup'(i.c.. raindrop breakup in the present experiments versus
no breakup of the impacting steel ball bearings in the Ref. 7 experiments)

could also lead to differences in tile response.

A very interesting paper by G. Schaitt (Ref. 10) provides data for thin

~ skin composite structures which include a configuration analogous to the rigid
TPS under discussion. Of pltticdlar interest is a composite with an outer
skin of 10- to 30- ail thick E-glass/epoxy over rigidized, expanded, low
density polyurethane foam. Polyurethane or fluorocarben protective coatings
were applied to the outer skin to improve rain impact resistance. The cora
density varied from 5 to 15 1b/ft3, i.e., roughly in the same range a3 for the
current TPS substrate materials, and' the outer skin thicknesses ﬁere also

comparable to the RCG ceramic coating thickness.

At or below a certain thickness of oﬁter skin (20 mil or less) no amount
of protective coating or core (substrate) density éhange improved‘performance;
failure was almost instantaneous, with separation of the onter skin from the
foam and possibly some crushing of the foam. Inter-ply delamination of the
laminated outer skin also was common. With an increase in outer skin thick-
ness to 30 mils, however, rhere was a marked 1mprovegent in time=-to-failure
with increase in expanded foam core density for exposure at 400 mph in a
l-in.per/hr reinfield. Part of the improved performance may be attributable
to the highlscrain-to-failure ratio, which {s characteristic of the E-glass

layer, as opposed to the brittle RCG coating on our tile specimens.

Thus, while it was concluded in Ref. 10 that the density of the core
(substrate) material was the most significant materials parameter in achieving
rain impact resistance, it was also necessary to have a sufficlently thick

outer skin before substantial improvement was achieved with increased

substrate density.




The results of the present experiment appear to be consistent with the
trends suggested in Ref. 10. Increases in tile substrate dqnlity for the same
generic materials class seemed to increass rain impact resistance; an increase
in ceramic coating thickness likewise resulted in lmproved impact performance.

The role of the tile substrate material is obviously of primary import-
ance in deteruining TPS rain impact pcrfofm;nco.‘ Key material properties
would appear to include density, porouicy. compressive strength, and compres-
sive moduilus. Some typical physical and mechanical properties of the tested

‘tilc materials are given in Table 6. The tiles are listed in the order of
relative performance, beginning‘vifh the worst (LI-900) and proceéding‘to the
best (FRCI-20-20$. The strongest correla:ion’with improved pefférmance
aprears to be shown by the through-ihe-thickness (TTT) compressive modulus,
The density of LI-2200 is slightly higher than that for the FRCI-20-20, but
its performance !s inferior to that of the FRCI-20~20. Simiiarly, FRCI-20-12
and LI-2200 have the same compressive strength, but the LI-2200 performance is
definitely superior to the FRCI-20-12,

Table 6. Typical Physical and Mechanical Propertics

‘ Prdpefty ) LI-900 FRCI-20-12 LI-2200 fRCI-ZO—ZO
Denk&cy; 0.4 0.19 0.35 0.32
g/ca” .

Compressi ve 28 132 130 250
Strength, psi '

Compressive : 0.7 1.05 2.7 3.7
Hozulus, (TTT) ’ : ' .

107 pst

Sognd Speed’ . 0.59 ) 0.58 0.73 © 0.89
107 cm/sec ‘ ‘ - , :
Acoustic ‘ 0.8 0.12 0.26 , 0.29
Impedange v

107°g/cm” sec




If the RCG-coated TPS materials can be modeled as the clactiﬁnl beaz or
plate on an elastic fqundatioh, with the tile substrate providing the founda-

tion modulus for the thin ceramic "plate,” then the tile compressive modulus
becomes & key parameter in the reaction tetween the coating and the tile.
However, the peak bending stress in the beam or plate is not very sensitive

: to the wodulus of the foundation (Ref. 11). Prom the analysis of a railroad
track rail, a 1002 éhnngc ia the founﬁation modulus only produces a 16.52
change in the maximum bending stress in the rail (Ref. 11, p 28). On this
basis, the difference in compression moduli for the tile test materials would

not be expectad to cause a wide variation in damage threshold levels.

As discussed in Appendix A, the pressure loadiag on the TPS surface
during a raindrop impact at 200 mph 1is on the order of 16 ksi, based on the
vater hammer pressure (Ref. 9) and typical materials properties for water and
the RCG coating. For a 2.0 mm drop diameter, the pressure duration is between
1 and 2.5 uysec. The acoustic impedance mismatch at tH§ RCG ceramic coating/

_tile substrate interface is also large, so that Qety little stress 1is
transmitted into the subsirate from the initial stress wave produced at the
surface by the raindrop impact. Flexure of the RCG coating 1is probably well
develéped before the end of the pressure lokding, however, because of the
short travel time (approximately 0.07 usec) for a stress wave to traverse the
thickness of the 0.38 mm (15 mil) coating. A reduction in the acoustic
impedance mismatch between the RCG coating and the tile substrate would allow
more of the impulsive-like loading to be taken up in the substrate and might
also reduce the subsequent flexural motion of the coating, thus reducing the

flexural s:réss in the coating and leading to improved rain impsct resistance.
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VI. CONCLUSIONS AND RECOMMENDATIONS

The Phase 1 testing was successful in bracketing damage threshold
levels for three of the RCG-coated test materials (L1-2200, FRCI-ZG-ZO. and
FRCI-20-12 having twice the standard 15 ail costing thickness). The damage
threshold level was found to be less than 150 mph for LI-900 and FRCI-20-12
with standard coating thickness, and the bare tile materials (LI-~2200, LI-éOO,
FRCI-20-12, FRCI-20-20, and FRCI-40-20), The CVD SiC-coated test articles
(LI-2200, FRCI-40-20, FRCI-60~20, and AETB-40-20) failed at or below 150 mph
under 30 sec exposure durations. Difficulties with the testing technique
pricluded valid test data on the flexible cloth layers because of complica-

_tions arising froam cloth layer mounting constraints and coupling‘betweed
saaple distortion and centrifugal force ioads on the test samples, Alterna-
tives to the present approach are néeded to provide valid test data on thé

flexible blanket class of materials.

Damage to the RCG-coated tiles is initiated by flexural bending stresses
in the ceramic costing; similar behavior was reported for tests using larger
test samples on the Mach 3 AFWAL/Bell facility and also for drop tests using
an aluainum cylinder with a hemispherical head as an impactor.

The telative ranking of the rizid TPS materials wich a standard thickﬂess
RCG ceranic coating in regard to rain impact resistance is: _

FRCI-20~20 (best)
LI-2200
FRCI-20~-12

LI-900 (worst)

The campfessivé modulus of the material appears to correlate most
strongly with the rain impact resistance of the RCG—caned tile specimens.
Although there 1s a considerable spread in the compressive modulus properties
between the several materials, there is no dramatic improvement in damage '
threshold speeds from the weakest (LI-900) to the strongest (FRCI-20~-20)
material, {.e., f;om somewhat under 150 to 200 mph. This could perhaps have




been anticipated from the analogy with the railroad track rail »n an elastic
toundetion, cited above.

The performancs of the bere tile mmterill does not appesr to be substan~
tially improved by infiltratipn, impregnation and sintering using CVD SiC on
the tile surface. While there was some improvement in rain impact resistance
of the FRCI-40-20 material, there was no change in the case of the LI-2200.

,rinmlly, the rain impact resistance of the FRCI~20-12 was uubscantialiy
improved by doubling the thickness of the RCG ceramic coating., This result
could be expected because of the increased flexural stiffness of the ceramic
coating and the role of the flexural failure modes in determining damage
threshcld. '

Future studies are recommended to examine the role of impact angle of
incidence in determining demage threshold levels under more realistic or
operatinnal rain encounter conditions (as cpposed to the 90 deg, normal impact
angle studied here).

It is also recommended that improved rain resistance be studied by use of
tile substrate surface hardening techniques such as CVD S1C infiltracion or
the shuttle tile densification technique combined with application of the
standard RCG ceraaic coating. The limits to which impact resistance is
improved by increasing the RCG ceramic coating rhickness should alsc be
estzblished. Trade-off studies between improved rain impact performance and
.welght penalty wili require such data.

To establish a berter understanding of the relative importance of various
materials properties, another series of experiments is recommended with the
same basic tile materials, but two and three times the standard RCG ceramic
coating thickness, to see 1{f more dramatic improvements in rain impact resis-
tance are achievable with increase in compressive modulus or tile density, as
was the case in Ref., 1l. ‘he test matrix should provide for a tighter varia- -
tion in test duration at a given test velocity than was possible in Phase I,
in calling out specific velocities and durations to determine damage 1nitia-

tion, damage propagation, and rate of damage onset.
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APPENDIX A. THEORETICAL CONSIDERATICONS

‘The magnitude and spatial distribution of the pressure exerted on a solid
surface by a liquid drop impact is a complex function of time, requiring
hydrodynamic calculations uaihg numérical techniques for accurate determina-
tion (Refs. 8 and 9). For the purpose of this discussion,‘the m&gnitude of

the pressure can be estimated from the water hammer pressure equation:

p;C
. LL
P=7 + (o e fp.c.) v

(D

. where p is density, c 1s sound speed, V is the raindrop impact speed (normal
to the surface), and the subscripts L and c refer to liquid and surface coat-

ing, respectively. The product pc is called the acoustic impedance,
Z = pc Lo N | (2)

" Equation (1) is rewritten in terms of the acoustic impedance
YA

__ L

An upper limit for the duration of the lampact pressure loading is given by
t, == (4)

which {s the time required for a cbipressional stfess wave to reach the teér
surface of a raindrop of diameter d and reflect back to the impact surface as
a tensile, unloading wave. The sequence of events involved in a raindrop
collision with a plane surface is more complicated than is indicated by such a
simple wave passage quel. Of particular 1mporcénce’is lateral outflow of the

1iquid as the raindrop area of contact with the surface increases (Ref. 9).
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The transit time of a stress wave through the thickness direction of a

 TPS coating is

h -
L & ! ) ) ())
c ch .

where h is the coating thickness and c, is the sound speed in the coating

material.

For énalysis, the following materials propertie§ have been assumed for
estimating raindrop impact of an RCG-coated FRCI-~20-12 tile specinmen:

Table A-1l., Assumed Acoustic Impedance Properties

<

P . : Z

. Deneity, Sound Speed ' Impedance
Material g/em 10 cm/sec ‘ IOSg/cm2 sec
Water C 10 (o) 1.46 (c,) 1,46 (2,)
RCG Coating 1.69 (o) | 4.0 (c.) 6.83 (2,)
RSI Nowinal 0.19 (ps) 0.58 (cs) 0.12 (Zs)
(12#/£¢°) g .
Meas.” | 0.215 0.456 0.098

*Sounﬂ speed measurements provided by J. Linn, The Aerospace Corporation.

From Eq. (3) and the properties assumed in Table Arl, the water hammer
bressure has ‘been calculated as a funcﬁion of raindrop impact speed and is
plofted iﬁ Figuré A-1. The pressure is in the range from 0.8 to 1.6 kbar for
impact speeds in the fange‘of the present experiments, i.e., from 150 to
300 mph. Since typical static compressive screngthé of borosilicate glasses
are on the order of 8.4 kbar (Ref. A~1), the Phase I test speeds do not appear
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to be high enough to produce grois crushing or pulverizing damage to the RCG
coating surface from compressional loading. The surface damage to bulk
silicace-based glasses reported in Ref. 9 was initiated by impact pressures on
the order of 3 kbars, at speeds of around 500 mph. In Ref. 8, the onset of
surface damage is attributed to the propagation of pre-existing surface cracks
caused by the tensile pulse associated wi;h the Rayleigh surface wave that

enanates from the impact site on a bulk specimen.

On the basis of estimated magnitudes of the raindrop impact pressure
loadings, it seems reasonable to conclude thet the dominant failure mechanism
{u the RCG-coated TPS specimens was coating flexure and not surface cratering
in the coating. From Eq. (4), an upper limit on the pulse duration for a 2.0
o diameter raindrop is

. FL = 2.5 usec
From Ref. 9, it is estimated that for such a case, the impact event is com-
pleted in epproximately 1 usec. From Eq. (5), the transit time for a stress
wave to propagate through a standard thickness RCG coating (0.38 wm) is

tc = 0.07 usec

Thus, sfince the pressure pulse duration is in the range from 1 to 2.5 usec, it
is long compared to the transit time through the coating, and flexural motion
of the coating is probably well developed before the end of the pressure

loading from a single raindrop impact.

During very early times after a raindrop impact, before the flexural
response of the coating has been excited, the magnitude of the initial stress
wave transmitted into the tile substrate, °s’ can be estimated from the rela-

tion (Ref, A~2)

(6)




where % is the magnitude of the stress induced in the coating, assumed here
to be water hammer pressure developed upon raindrop impact of the coating.
Taking the values for the acoustic impedance from Table A-1, Eq. (6) yields

S
i 0.028

Thug, because of the large impedance mismatch (ZC‘}> Zg) between the RCG'
coating, and the FRCI~20-12 substrate, the interface between. the coating and
the tile almost appears to be a free surface to the initial stress wave in the

RCG coating and vefy low stress amplitudes are :ransmitted into the substrate.

Bqua:ion (65 is based upon the assumption that the coating and substrate
materials are continuous, homogeneous, elastic materials. Consequently, the
application of the relation to porous tile materials is only approximate, but
still provides some insight into likely responsive behavior early in the

impact event.

In the same fashion, an approximate estimate of the pressure léading
imposed upon a bare tile specimen by raindrop impact can be made using Eq.
(3), which likewise is valid only for continuous, hoﬁogeneous mzterials.,
Consequently, the results can only be regarded as order of magnitude values.
Using Z, in place of Z, in Eq. (3) ylelds

p = 0.41 x 10°3 v(1n ﬁph), kbar
For an impact speed of 150 mph, p = 0.062 kbar. Since the static compressive

strength of FRCI-20-12 is on the order of 0.078 kbar, surface crushing would

be expected, as was observed during the Phase 1 tests.
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